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INTRODUCTION 



A review of previous publications shows ccnaln scientific Interan in ihc 
odxorpllun of heqvy metal Ions from aqueous solutions by carboruiccou* 
maiDrialjJ 1 " 5 ! li is widely accepted thai nmface Acidic functional group* arc 
responsible Tor metal ion bJrtding- 12 * 4,6 ' Chemical oxidation is a commonly 
used method to Introduce these function*! groups on the surfatv of carbon*. 1 * 1 
SorptWe capacity und selectivity of oxidized carbon very for different metal 
ions and higher valency metal lore are tumall* preferred lo those with lower 
vaJcncy» ,,, " I It Is also observed that metal sorptive selectivity of curbonn 
oUTcn even within o lerics of mctuli with Ike same valency. Thu*, ll was 
shown by many researchers ihut among the double, valency meiuK Co 2 * U 
gcnaruJIy the men preferred However, the reasons tor the higher 

uflinity of oxidized carbons toward* this particular inctal ion have mil been 
clearly identified. Improved conception of this phenomenon U CMeMluJ Tor 
ihc development of novel separation processes. An excellent review on the 
ion exchange propcrtic* of carbon materials hu» hcen published by RuiJovic 
el a!.™ 

In the pnweut work, a wri«* of oxidiied carbon* were applied lo the 
adkurption of d-Woc* metal Ions such w Cu : ~ Nl-^. Cn 1 *, Zn 1 *. and 
Mn m " rrom aqueous twlutions. The phy&icochertilcol properties or the adsor- 
bent were contoured using N ? poro&Imetry, Boehm's titration, aitd pH 
titration. An uticmpi was mode to Identify the parameter* responsible for 
enhanced selectivity of oxidized carbon towards Cu*\ 



Active carbons derived from agricultural by-products (apricot atonei; 
designated as KAU) and one made from polystyrene cnws-i Inked with 
d) vinyl benzene (DVB | (designated 6S CKC> were precursors from which 
nxldl/ed active enrtsow were prepared and evaluated for the current mudy 
{ihc mutcrfals were supplied by the Institute of Sorption uiul PtoWein* or 
Endoccology (ISPE* NAS of Ukraine J. 

The K All-carbon* were prepared as follow*: (li treatment of crushed 
fruit KloncK with a hoi solution of strong alkali; <2j washing with water to 
bring the pi I of solution down to 10; (3) treatment of crushed iVuit Kionc* 
with hot hydrochloric acid; <4j washing with water to bring pll Of M>fcnion 
up to 4; (S) carbnnr/ulion at 350-70^^ and 16) activatioit with lueum at 
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Materials 
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IntcrprvUMlnn «>T T run* 1 1 Ion Metal Sorption Rchnvtor 



|M*7 



Preparation or the CKCm; urbon was ca/Hed out a* follows! ( I ► tho copoly- 
mer wok tiwollen In nranochtemdlmrthjJIeUcr Tor 24 hn <2) riiroiicol Carbon- 
ixaiinn lit sulfuric add ut I^-ISO'O was carried out fur 6-Vhr: i3) 
carbonization at 350~42(rc lb* 4 br with steam; (4) prcaciWution treatment 
al 7iX) : C for 4hr In b nitrogen atmosphere; and (.5) Anally, the matcriul wax 
acli vutcd oi SOTC Tor 3 hr usfiig steam as lb* activation agent. 

Ccrbonaceuus materials were modified by oxidation ortna either nitric 
ttclJ, hoi dry air. or electrochemical oxWatJon techniques* The carbon 
oxidation methodologies eon be found elsewhere. 1 10 Table I present* 
the cimdf ikm* of o.\ldaiion of the materials used in the current tttidy. 

A ccrnimcrclul unoxldlied activated carbon Nupplied h> Cbcmvinm 
(designated F400j wus also Mudled. Oxidation of the F400 carbon ldc*ig< 
nuied F40fXox)] wu* performed at VO'C using 20^ lv/v) nitric uvid fur 
15 hr. Carbon to arid ratio wax 1 :3 (v/vl. The oxidising utfcM was replaced 
halfway (hrottgh the oxUlailon with rVcfih 10ft (v/v) nilrk* acid. By-f mdUCU 
of carbon oxitlutlun (hemic compounds) were removed using duiiillud water 
followed by treatment with 1-3% (wi/uij sodium bydroxiJc, and finally 
with dlulllcd waior until the solution pi I wu* reduced down to pi I 9- 10. 
Prraonutlon of the oxidised carbon wo* carried out by treatment with 
2-5% Cwi/wi) h)-drochlork mid followed u "nal wash whh tilMlllcd 
water. The washed material was dried at toyc and then smrcd hi nn airtight 
container. 



Me L 


Lt« of adsorbent* and condition* or ihclr (vyntrvsih. 


Somen i 


PrfcurMn 1 


OxMflilon condition* 




Com 






Cosl 


1 5 h In hot HNO,i 1,8 Njt at W-93 C* 


KAUiai 


Apricot miotics 


Uhoxiolzed 


KAIH.8 


Apricot % tones 


5hr in air at 450 C 


KAU-2* 


Apricot stones 


15 nr in hot HNO, (K N* at 90-<>5 C* 


KAU.L25 


Apricot Harm* 


Elttcirochcmicully for 1 hr ut 25 C. 






torrent 98BmA K 


KAU-5-Z5 


Apricot stones 


Electrochemical ly for 3 hr »\ 25 C. 






currem warnA* 


CKC 


Srymrw-DVE 


15 hr In hoi HNO, (8N). at Wl -95 C* 


CKC»J.25 


Styrane-DVB 


Elcclroctl^mivnlly far Jhr Ul 35 C 






current VaSinA* 



"Carbon : acid ratio U 1 : 3 <v/v>. 

"Electruehcrrticql oxidation of carbons p«ooV In u» electrochemical cell with a 
ptuilnum eorfmUo) was carried mil by apply inf 9 current (988iuAl Uv I, i, or 5hr hi 
the prexertor of I M KC1. 
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•shunts 



Strt Ikn, Mwllk, und Street 



A cwboxy late Ion exchange «»in» Pu roQu CIO* (capacity — 10 mmol g " 1 >. 
was used as a reference material. 



Surface area ami pore sl/« distribution of all curiums were determined 
(torn nitrogen adfcOfpllon-dcsorptlon Isotherms ai 11 K meuHurcd by means 
or b Mlcromerllleir ASAI 1 2UI0 jurruce area analyzer. Carbon samplea were 
outga&sed for a minimum of 24hrat 1 20 f C on the degas nun of (he uulyxer. 
The data wn modeled using iho DFT (Density Functional Theory) method. 11 * 1 



The relative concemrutiunK uf differcm surface tunetipnul group* In 
oxidUed carbons were ofcicnrrtincd by Boebm's method* 1 141 Amounts uf dry 
carbon, 0,2 s, w ^v weighed Into 50 mL conical flanks prior to the addition 
of 20niLof base of varying strength, e.g., 0.1 N noluliun Of sodium hydrogen 
carbonate, sodium carbonate, sodium hydmxide, and sodium elhoxlde. 
Carbon samples were agitated for 72hrat room temperature* The supemuiam 
solutions were separated using 0.45 u.rn PTFE syringe top litters. Aliquot*. 
5mU were ihon ikrutcd with 0.! N hydrochloric acid using methyl-rod as 
the Indicator (pK 5, pH range 4,8-o> High purity water wUh the resistance 
greater than 1 5 Mil wan used In all titration experiment*. 



pH titration* of whorbenu were carried out using the method described 
by Hdnerfch, 11 " 1 Typically, a number of samples <7.1 mg each) of sorhent 
(particle aize lew than 43u,m) wore weighed Imo Herwrute llasks. A mi of 
samples was prunored wtih successively larger amounts uf 0.1 M NoOH of 
HCI added Id the itifTciCnt Mitnpki using a micropipets. Tticn. ICmL of 
0.1 M Null uwlution waii added to each fta*k to keep a high background elec- 
trolyte concentration. A total batch volume of l5mL wus made up by adding 
distilled water to maintain the solution volume to sorbenl weight ratio con- 
stant. A blank experiment with no carbon wo* also performed. The batches 
were equilibrated for 48 hr utter which the pH of the nupcfmneni solution 
was recorded using u Mcitler-Toledo 340 pH meter. hoion release/uptake 
values as b function of equilibrium pH were obtained a* follows: a pH 
vs. (NaOH udded) curve was ploued tor the batch >umple* hc0»re adding 
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Surface Area and Pore Size Distribution 



Uoehni's Titrations 



pH Titrations 



;V,M^j^ , 'mi.ii: V* •mI.. V* )• 
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Inter prctntion or TranMUnn Metal gurptlan bthuvlnr 1689 

the carbon sample* to each Ibwk; after eyul I ration, a now pH v*. (NaOH 
addedj curve was obtained. At o gWcn pl-l. the difference between the two 
curves provided value* or proton release yi, uptake. 

pH lilration data were titled u»ng Ihe mettiod described by Sekl find 
Suzuki 11 * 1 thai also allowed detracting acid-dissoclaiUm conaioma for the 
acidic sites on the cations* changer between pH ~-2 and -»\0*% The ocld- 
disHocinlion rcirciiun* far stirlUco groups cmt be Written as: 

R-COOR R-CCXT + II*; if, (f> 
R-OH R-CT + H*: AT : (2) 

The acfd-dlssodailan conuuim AT Tort particular type of functional groups ia 
defined ua; 

Ifu-fg} (31 

where a is the degree uf dissociation of functional graupi. The number 
of do proton a ted acidic groups on carbon (dry wt. ba*i*, g). 

» con be 

cxprcsKcd an: 

where AT repicsems the number of acidic groups on cotton. Equation <4) may 
be titled to titration data (dcproxonatcd ucWIc groups mnmlg 1 v*. equili- 
brium pWj to uMraci vuluu* fur the two unknown parameter*, N und ftT, 



TrurodLioD Metal Sorption 

Sorption of coppcr(l|), nlckcHH), cobattdU, zirtc(ll), and munguncJctfU 
from nitrate solutions win studied In botch expcrlmeniH (lo obtain metal inn 
surptiwt data at pH 4.8 und selectivity coefficient value* u pi I 4.2) end 
small column* (to obtain maximum metal upiukc daft at pH 4.KJ. 

Equilibrium metal ion sorption bothcrrna were obtained in the following 
way. Fifty milligram* of granular carbon particle* were accurately weighed 
uut Into 250 mL conical linden. Metal tiilfutc feed solutions of 2lKl mL (con- 
cent rati on range; airo-0L36 mrnol L" 1 ) wore added to each 11 a* k. The flasks 
were agliatcd for 48 hr using a Sunn Scientific Husk shaker m 22 a C ± 2X1. 
The hatch wmples were maintained at pH 4.8 hy udditiom of u small amount 
of sodium hydroxide. After equilibration n-mall oHquuui or siipematum 
solution* were separated and analyzed for metal content unltif a Vurian 



i 
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,OTD Strtiko, Malik. and Slrcal 

SpcctrAA-200 atomic absorption spectrophotometer (AA5) in name mode 
with 00 air- oceiy lent; floitM. 

The maximum incial hm upiukc capuclly or the oxidl/ed material Ibr the 
meto! scries was determined by pausing a irretul-beurinr Potuikm (pH of the 
uuluitop was flxad ut pH through a mini -column puckod with u >nwll 
umaun) of carbon KlOOm£J. After saturation, the ud>urbcm samples *w 
wiuhcd with dbnilled water, dried* and then digested In a mixture of concen- 
trated perchloric and nliHc uckli (2: 1 v/v) to determine the metal aorptivc 
capacity of carton* The mctul cortceniraUoDa were determined by atomic 
ubacrptlon spectrometry. 



Caleulnlloii of McUI-Comple* Kluhltriy Data 

Complexailon reaction between u cation and proionaiod form Minciianal 
flroups) of oxidized carbon Can be written fat the fclltm ing manner 

Me ?+ + nRH R^Mc^ + «H+ (5) 

where ti Is the number of functional ptwpn (MgunU^X interacting with one 
mem I Ion, and c Ik a charge of a camptex-fornifnji mn. 

Equilibrium con&Unl of such a roactton ift described by the following 
exprewtom 

where [RHJ h the ovcridl concent rai ion of fundlaunl groups on the surface, 
|R~ J k the amount of dissociated Aincttonal j|roups» lH^Mar "**] Is the amount 
of coflipkxod ion* und |Mir| represent* tho concent ration of uncompleted 
Ions. 

Decomposition of the surface meul-cirton complex is written as In 

R,Mc^«*>Mc r *+riR- (7) 
And the overall complex stability consJunt can he expressed us In Gq, («) 

[R 0 Me^] m 
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Interprctalloo of TrunstUurt >] c |q| Sorption Behavior IH9I 

The dissociation of prutpnosonk group* will aJ*o Influence ihtf loud equilibrium 
and Is defined by the diHsnclnLiun camlonl e-aprcMud in Eq. (9). 

[HR] (i) 

Taking Into account ihc processes descrfced ubow\ surface complex itabfllty 
constant should be written as In Bq. (10). 

A^-^fli f tO) 

In order to determine the equilibrium constant offturlUcecomplexation nccorillny 
to Eq. ( I OX U is riecesMiry to know an average number («> of llaandN (lunctUmal 
Croup*) interacting with one mcml ion. Assuming that the carbon surface conv- 
ptexes are of a chelate type and c i» the number i*f functional group* rcuciinc 
with each metal Ion. then, the equilibrium complexuilon constant con be 
equalized to the exchange constant as In E4 U I % 



In thtK luko, the tOnbility conHiiiul for Mc** -oiiidi/rtl carbon can be caprcwed 
In Kq.(I2). 

<12) 

Since on oxkfizcd carbon may be considered a potyfunciiof ml adsorbent, it can be 
assumed thai method of calculation c/atabi llty constum,s K w Co* descril>ed above ) 
wou W be retell vcly correct provided thai tf** and are daermined ui the ?nntc 
pH and surface Mturation degrees. 



HKSLLTS AND DISCUSSION 

Surface Area and Pore Size Distribution 

The mlcruporuua nature or ihe carbons evuJuuted during the current «udy 
Ik dumotwrtucd in FlgH. I -3. In general* uxldutlim slightly reduces the micro* 
pare volume and hence the surface area uf the udsor bcnii (refer to Table 2). 
Oaldallon of carbon nampJ&s results In a sllflhl cnhancemeni of mc*aporc 
volume. 

The reduction in surface area and pore volume of carbon after oxi- 
dation* aim observed by some rcfteaicfcciK. 117 ' 1 " 1 may be related to several 



V: ;».» .... 
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1891 



.KttnrtkfK Malik, and Simx 




Pare width, A 



/■Yfimr L Pore n\zc dhtfbmlon data for F40U and F400u>x> carbons 

locuira Hitch as pore entrance blockage by oxygenated surface functional 
^ronpo ami large molecules of residual humlc-typc compound crcciioKtaiH; 
tepulsion of xurluce probe molecutcH <num«cn). and eroainn uf carbon by 
niiHc acid. 

Oxldiaed and unoaldizad carbon wimples poisuxx a significant amount wi" 
micropores (pore size k»» Iban 20 A) and mcwporci in the range 20 -SOU A. 
Tho data also provides some evidence wpportjng thai there li u widening of 
pore* after ihc oxidaifon Cmlmenl (tte FJg, 3 lor the CKC-3-2S caibon). 
In the iBie of iho F40(Xo>i) sample I hart Is some enhancement lu the pore 
volume ottribuicd lo mcaoporefi (40-200 A) and a alight reduction in 
poro volume attributed U> micropore*, Thl* may predominantly be related ie+ 
ihc widening and, hence, transition of micropore* Into mcsoparc* following 
ihc richly corrosive hlirtc add oxidation process* 

the apparent bimodal disiriteuion or poro* In the microporouA region 
(e.g.. for F400 and CKC samples) la caused by deHc*crk:ie* of Iho DFT 
model. Till* theory Is not able to accurately modal pore* In the 8- 10 A 
range due lo a theoretical discontinuity. NcvenMcft*. the pore size determi- 
nation below 8 A is considered accurate, 1 On Ihc other hand, the well- 
known and commonly used BET method' 20 * may not be applied lor the 
micropore region of active carbon*. ThU U due lo ihc taet that nitrogen 
adsorption i* much stronger in micropores than in meso/inaeroporea and 
therefore muy no* be described by the theory or capillary condensation. 



v. . >W- . is. 
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Iuterprcuulpn of Transition MutoJ Sorption Heftuvlor 1MJ 




Pmu in Wth. Angstrom 
/^wnr Z Pofr M*e dfmribullwi <feti fir KAU carton Kerlet. 



ITit determination of port kIzc distribution In the micropore region 
(defined us 20 A und below) I* lew certain. Methods bawd on the potential 
theory of Dubinin, f- or a-pkrt* or the MP method, pre widely yped^ 11 ^'! 
Pore size distribution* above 20 A arc usually on sensed wslnc the method of 
Barren. Joyner, and Holcnda tBJH) and other m«hod«. UU J| Unlike these 
methods, the DFT method la applicable far the entire range or par© siaes 
accessible by the edsorpiive molecule (nitrogen) thai rrmfcc* this technique 
very attractive. 



BochnTi Titration 

The distHbuiWs cJ surface functional group* at the surface of in* odsor- 

bent material are presented In Table 3. the Beaton's titration result* show _ 

(hat the carbotmceouB adsorbents possess weak acidic surface functionalities £ 

in a rorm of nonrarhanyl (i.e.. curhaxylic, I acton 1c end phenolic group*) ± 

and carbonyt gruup*. Tho overull oxctiansjc capacity of the F*00 carbon dm*- ^ 

UcuJly Increases after nitric acid oxidation <<%< I3«faid IncraaKC). The Increase • i 

In the Individual types or runctionul jfroups ufcer oxidation does not occur in "I 

* 



.''•f:\|)Ji..i, A- *K<« tint, V»V.t4 iCttU. 
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SirvOta, Matttu and Ml run 



00* 




109 

Figure J. t^mj mm distribution tins for CKC uiul CKC-3-25 cartons 



equal proponionw, These change* we reflected In the distribution of surface 
groups in the oxidized sample. Thu^ the groups neutralised by NuHCO? 
(cartoaylic group* j represent about 38% of the total number t>f acidic non- 
eartoonyl group* for untreated odlvc cart cm F400, whilst after oxidation 
cartway lie sroup* reprewni msnriy 45% of the o*idUed H«J mniptc. 



TcbU 2. Surface am md port volume rewll** 



Soitwit 


■Tit 


J? 


) (mV 


DPTpv 
> tcmV 




•) tem'r 1 ) 




F400 


945 


TO 


40 


034 


0.16 


0.1* 


030 


F4O0(<uj 


850 


800 


30 


0.27 




OJI 


100* 


KAUinl 


1190 


n.o. 




0.75 


IU». 




I82J 


KAU-l.tt 


1150 


970 


ISO 


UJ3 






1870 




449 


810 


139 


0.58 


0J7 


0.21 




KALM-2J 


ML 






no. 








KAU*5-2? 








n_a. 






1280 


CKC 


Wl 




n.o. 


0.M 




n,i. 


546 


CKC-J2.1 








n.a- 






679 


Vn/^: iiui„ 


dutu tmavnilabte. 
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linerprtualon at Trmuttlon Mciul Stwptlon lleluivtar 



Tabfe 3, Concentration and (Jlatrlbutkp of *urf*ce ftutcilonil groups In carbons. 



Coition 


Carbtmylic 
iroum 


(mew" 1 * 


Che nolle 


Totul 
(norrcajturryl 
nwag-') 


Cuifaonxl Taiil 

groups capacity 
(rmsqg~'i (nvqg") 


R00 


0.047 


0.07J 


aoid 


0.123 


0.M3 




<* 


38 J 1 


59.33 


144 


UK) 






F4W0H) 


0.719 


G.43V 


a427 


1.386 


IJ36 


2.V4I 




43.33 


27.0* 


26.92 


too 






KAUInl 


0.07B 


0 


a370 




U.MS 


l.07t> 


1» 


17.41 


0 


■2.39 


lit) 






KAU-I.S 


0.540 


OJftO 


0.680 


1.77«J 




2,443 


tt 


30.35 


J1.4R 


3J.22 


100 






KAU-3.V 


1,43(1 




Q.795 


2.H73 


2.531 


5.403 




4».?4 


22.61 


2T.63 


MM) 






KAU-l-25 


0.S8O 


GJ20 


OJ80 


1.280 


1.170 
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Mmr .* % in compvriHOfi to iht total noncarbonyl capacity. 



Contrary to the modified carbon, usojidhed F4<» fKXsesso; g greater pro- 
portion of relatively >vcafcer functional groups (lacioncs); the uciuul conccn- 
trattons org much smaller* 

The total exchange capacity (if untutidi *e J F400 U very tow w hen compared 
to the oxidized modification. It Ik also significantly lower than the figure of 
1 .05 ineq g " ■ prcHcnicd by Mtixci ct a]. mi The difference may be due to the vari- 
ation in chcnocii] oumpoaitbh or tltt powdered F4tf> Wlivc curton titrated hy 
these researcher*. Their material may have been exposed to an oxidizing atmos- 
phere (u)ri for a tonper period than our carbon sample. This would obvlourty 
result in & greater amount of acidic zroup> aituched In ihe carbon aurlWe. 

The concentration of strongly iridic croups Kutaunt lolly increases aAcr 
oxidutlon. (Note: In this paper. curboxylic ^roup* are considered in be strongly 
acidic. In compariHon with other uayyen -containing groups on l lie carbon sur- 
face phenolic, I&cuxtic. qulnooe, etc carbosyl groups huvc Ihe Jowcki 
ptfa values.) Thus, the number of strongly acidic groups neutralized by 
NaHCOj torbojiylic groups) currckpond* to M3rneqg~'. i.e., almost 3l» 
of the toiol fnoncurbunyt groii|w) for KAU-2.9. 
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The total ucidiiy van be Increased by a factor of live compared 10 thai 
of the original KAUini for caxboni oxidlicd with nitric acid The increase 
In total ucJJ capacity Is about two limes thai of inc martin* material for the 
air-oxidized carbon KAtM.ft. Oxidation of v»fbOH KAUrnl twins (he nltrfc 
acid axi Ail ion or the electrochemical oxidation technique creates a £oeeter 
quantity or relatively xtnma carboxylic surface groups. In general, thermal 
trcatmem of carborw in un oiidhing atmosphere leads to a smaller increase 
in the total acidity of the final material In comparison with low temperature 
ircauncM*, c.g_ nitric acid and the electrochemical technique. 



pH Titration 

Proton-binding pH-Mrallon curves lor the unoxidiaed carbon sample 
F400 and the oxidised carbon F4O0<ex) ore ttown in Fig. 4. Basic properties 
ore dominant for untreated F40O up to pH 8. Thai. F400 m*y ho d&icrlbed o* 
an H-type carbon. 1 ** 1 This 1% comrury io the arid- base behavior of oxidized 
F400 that exhibits ucidk properties above pH 2 and may be categorized a* 
an L-typs carbon. The absolute value <>T proton binding (nrdbtate) frani the 



A(OH"], mmol/g 




AJH*] ( rrrmol/fl 

Fi$ur$ 4 Proton -bJndlny curves for P400 and F*OQ(o*K 
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Interpretation «r TrunslUa* Metal tot*lan Buhuvlor ttf>7 

llirutlon cunt of the unoxldlted F400 carbon suggests very low cation- 
exchange capacity* However, this carbon, being of a more twite nature, display* 
much higher aniotvexchange capacity. Titration or both samples with at N 
hydrochloric ucid yielded the capacities of approx. 0.5 and O.lbmmoig" 1 
for the unoxidiacd and oxldteed cartons, respectively. 

The titration curves for all the oxtdlxed sample » (only F44)U(ox) Ik shown 
Q» a representative curvel were smooth and did not display distinctive luilee- 
llon points indicating the polyfunction*! nature or the adsorhem aurlace. The 
pH titration curses or the oxidlacd carbons displayed a shallow descent in the 
pll range between 2 and 4> which Is due to suppressed dissociation of iurface 
runci'tonal group* However, the gradient of the curve progressively Increased 
as the pH Increased. This wax particularly actable between pHs and 10. An 
the solution pH progressively increased* weaker functional group* (lactones, 
phenols etc.) bcaon to dissociate, thereby contributing to the total exchange 
capacity of the material 

DiKHOcUnlnn constants of ttcldtc functional groups In ihe unoxiilizcd and 
the uxidi/edcurbons exhibit greatly different value* that vary between 10 
mid 1 0" 1 1 {Tiiblc 4>. This again cunttrm* the poly JuncUonul nuiurc of carbon- 
aceous nuilcriultf. 



Hotnt of Zero Charge aud Zsoelectrfc l*oim 

The crossover point with 10* pH axis on the ditTcrcflilul titration curves 
h the poJm where anion and cation exchange processes urc at equilibrium, 



rrtJr * Elecirecheinlcul properties and diiujclmtoo crmrtant* of the 
udMirbeiut. 
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this point Is considered 10 be a polm of wo charge (FZQ. Ai toluilon 
pH value* Jess tour the PZC, the surface has a net negative charge* while ui 
pH value* greater than tnc PZC, (ho surface hM* u net negative charge. Ah 
the degree of carbon uxidmiun Increases, the crusttovcr palm occurs at lower 
pi I Value*. Thy *♦ ihe crossover polm for untreated P4<Hl Is located at pH —8,1. 
whorcas that forihe oxidised F400 i* at pi I **23. 

Oxrdrrtlon of the carbon mrfacc is a diffusion •dopendeni ntoecx* due 
la ihc highly potoiis nature or the carbonaceous materials- Oxidation occur* 
foxier on the external surface (Kan on the Internal surface. Alkatlmctilc 
Juration Ik a process that Involve* (he iron Oar of proton* and hydroxy 1- low 
between the bulk phase (ije., solid ion) and (he surface of the carbon (micro* 
pure* and rrtesuparcs), The PZC value generated frum these experiments, 
ihcrcrorc, I* representative of the net tctol (outside. circumferential and 
Internet) surface charge of the purticle*. Etectrophorclic mobility measure- 
ment detects the potential ui the Khear plana or double electric layer tltm lit 
adjacent to the external surface. 1 U3k Hence* the Isoelectric point (I CP) value* 
determined by tlits method ore only representative or the externa) surface 
charge}* of Carbon partickji in aqueous solutions Consequent y T the difference 
between PZC and IEP cun be Inlerpretcd as a measure of surface charge 
distribution of porous carbon snliuV 231 Qreoter pWw-pHmr values Indicate 
u more negatively charged external than internal panicle surfaces. Lower 
values suggest a more homogeneous distribution of the surface churgc*. 
Tank 4 presents the PZC and IEP value* fur the carbon samples studied, 

A greater difference between PZC und IEP value* was observ ed for the 
unoxldlzdd Kutnpiet F400 und KAUini. Since ihovo carbons worn noi be pi in 
an inert atmosphere, aging (slow oxidation by air) of the samples may have 
occurred. The high values or PZC Tor F400 and KAUini Indicate thai ihe 
Internal surface Mill preserves it* basic character, The oxidation of the 
surface prefereminlly occurs on the cxtemul surfitcc und thix ia indicated 
by the lower JEF values for those carbons, flic difference between WEC 
and IEP values decrease cs utong with the individual recorded values for 
the oxidised m*tcrfulfc, The c\o** value* of PZC und IBP for KAC-2,9. 
KAU-5-24, and CKC-3»H indicate that the oxidation treatments afleei iha 
entire surface, U.» Internal nnd external surfaces to a similar extent. I.e.. 
concentration* of functional groups on the external and Internal surface* 
arc quite snnilor (Tabic 4), 



Modification Of carbons result* in a small reduction of surface urcu 
(Table 2). This b mtribuied ui pore entrance blockage by oxygeojued surface 
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functional groups and large molecules or residual humlMypc contpounds. 
electrostatic repulsion of «ir race probe mofecuka ifiiU and erosion of carbon 
by oxidation treatment. Oxidation of carbons strongly Influence* their surface 
chemical properties- This Is confirmed by the tcruIu of Boehm's tlirailon 
(Tabic 3). It can be seen thai the distribution of surface acidic functional 
group* depends on (lie type umJ extent of treatment. The praporikm of rela- 
tively weaker group* (Le» laetonie and phonolk!) Is choree lorlatfc of (uw 
degrees of surface oxidation, e.g., for KAIM.8. In contra it* acid and electro- 
chemical oxidation treatment* produce a higher proportion of enrboxyllc 
groups. Sodium hydroxide titration data (represented as **U>taI noncai-bonyD 
show* that oxidation treatment* have produced adsorbent* with considerably 
varying total exchange capacilto*. 

The dlvcndiy of etrid-bosc surface properties of adsorbemw I* also 
reported hi Table 3. With irto exception of the unoxidixod carbon P400, all 
carbon* evaluated in the current study exhibit a negative xurfaeo charge 
over the pH range studied «pH 5). A* inferred from the IEP and PZC values, 
the extent of surface charge vuries with ihe degree of surface oxidation. The 
. surface of carbon Ipxtdixfcd to ci higher degree) display* a greater surface nega- 
tive charge. On the b»U of the Boehm's tltrallon results dlxsuciation of 
surface functional groups may be characterised by four discrete dissociation 
constants (pK n l Surface oxidation generates a distribution or surface fuiw- 
lional groups. The position of the** different surface group* In close proximity 
to one another may influence their acidity and. hence, impact on tho mechan- 
ism by which hytlruted metal vans, are sequestered (Yom solution. For example, 
the ucldlty increases by more than an.urdar of magnitude from benwie to m- 
phthallc and salicylic acids. The surface carboxy) groups of oxidized carbon* 
exhibit own lower dissociation constants. This may be related to the fad thai 
the surface group* are connected to a reunjuguied condensed «y*lem of 
gruphSie-llke plane*. The number of the conjugated benzene rings and the 
positioning of ihe groups will also Influence thotr acidity. For example, 
carboxylic acids derived from naphthalene and anthracene possess clrrcrom 
dissociation eonstanls depending on the location of the corboxyllc lunctlonal 
group on the aromatic rlng» w 

The results of metul sorption have revealed that the uptake and selectivity 
towards Cu : * Ions exhibited by the adsorbent* is greater than thut for Nl J *« 
Or*, a 5 * and Mn^ (refer to Fig. 5). Variations In the uptake of the 
other metul ions were utsu detected* e,g„ Co 3 * and Zn** wew less preferred 
than Nl 3 * and Mtt~ wax the Icuxt favored ion. figure 3 clearly indicates that 
the complex aiabiilty/ftcicctivUy trend remains Independent of the method and 
extent of adsorbent oxidation (compare air, acid, und electrochemical 
oxidation), the type of carbon precursor ^compare coal, apricot atones, and 
polymer derived carbons), the porous structure, and the type of adsorbent 
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fYjnnr 1 Stability conrtmta of Me^ -adiurbem fcurfuce complexes. 



(compare cartons vs. the carboxylic cm ion exchanger) for all adaorptlve 
materials Invetflgmcd. Correlation* of metal uptake* u* u ftmcilun of individual 
groups, c.g^ carbonyllc, or lactunic. or turn total of nancarbonyl groups did 
not show a linear trend. Baaed on the metal sorption data dixcuHscd above, 
the relative sorption affinity of metal ions can be described ilh fallows (the 
arrangement of metal* In the sequence U the same as in the Periodic table): 
Mrr- < Co a ~ < Nl 2 + < Cu*- > ltf~. 

The highest preference of all adsorbent* for Cu 3 * mid the position of 
njetels in the affinity series coincide with ihc order described hy the Irving- 
William* series. 1 " 1 This series relate* toe electronic structure of the central 
maul Ion with Ihc stabilities of its con^lcxcs. The order of metals In the 
Irving-Williams series follow* the ionic radii of transition metal to™ and is 
relatively Insensitive to the choice and the number of llgaads Involved. 

The venation in stability of trumdtlim meuil complexes may be related to 
several factor*. The metal -Itgand interaction* Intensify in magnitude end the 
stability of the cornplc* increases with ihc reduction of mstal Ionic radius. 1 " 1 
The decline oi the end of the stability series is relaicd to the Increasing (oqic 
radlL The ligand-field stabilization energy <LFSb)» which K rehUsd co (he 
electronic configuration of the metal Ion. is the other factor responsible Tor 
ihc variable complex ■lability. 131,1 ' 1 A* a rule, the greater LFSE i* associated 
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Interpretation of Transition MrtU Sarptton Behavior WD1 

with the rneroalablc ec^plex. Consideration In lemns of the ionic radius or the 
LFSE shown thai both factor* predict that the maximum MAbilillcs should be 
ittoclflied with Comdexes D rNl^ rather than (hose of Cu 3 <\ This anomaly is 
a consequence of Hie suHMiing Influence of the Jahn-Tcller dlstortlon. 1 - 
wMch results in stronger binding oriht four ligands In tho plane of the tctri- 
gonally distorted Cv 2 * complex. Tkt typteul pattern of Jahn-Tcllcr distor- 
tion* observed In Cu 3 ^ complex**, involves the formation of four shorter 
bonds and iwa irunsbonUH thui nre considerably longer Ihon in* rcmoioing 
four (witegnnul distorttrm). The reason Tor the John-Teller distortion to 
because the nlmh electron in copper is placed Into a lei of the e y orbital* In 
such a way as to produce an asymmetric electron population tf.e- two in 
one orbital and one In the other*. This distortion i* possible for any etaeironic 
configuration with asymmetry of this kind* The electron population of the e $ 
orbhalx is symmetric in N1 I_ (I.e., one electron In each orWtui) and, therefore, 
this ton doen not exhibit any distortion- 

Many Cu* + complexes are known to have either four short bond* and two 
long bonds or two short and four long bonds. The outcome in that the Jahn- 
Teller distortion of Cu : "* compound yield* shorter and tnnmger meifll-Ugand 
bond* (stronger complexes) than might be expected on ihc basis of the 
Isotropic -Ionic mdlor of Or 2 *. 

The cortelmlon between low molecular weight meiol complexes wim 
carboxylk acids, bydrexy-nclds, and other compound* (ox described in the 
Irving- Williams series) with Mc^-O-C bonds can only bo remote to the 
Mirfoec complexes between Mcf* and adsorbent. However, there is good 
correlaiion between the liability of such cornplcW™ and the mcuil sorption 
by adwirptive materials studied (refer to Figs. 5 and 6). 

Hie formation or metal surface complexes on ihc oxldlaed carbon 
Involving cooperative aciion Keems quite likely. Approximate calculation of 
oxygenated functional group denxhy per unit area for F40(Xox) yields o 
value of (X02 functional groups par squared angstrom. Otvcn that ihc oxidi/ed 
carbons evaluated In the present sludy posses* a large proportion of pores In 
the region of 10-20 A and the diameter of the hydroted metal Ions 5s approxi- 
mately 8 A, 1 * 11 It Is reasonable to osiume a cooperative binding mechanism 
(*ee rig. 7), 



In summary, the results of nteial sorption show thai all udsorbentft exhibit 
an ability to remove metut ions from aqueous solullons wiih varying affinity in 
the <irder Mn 24, < Co 1 * < Nl 2 + < Cu^ > Zn^. This coincides with the 
general BabWly sequence of metal complexes (the Irving- Williams xerieji). 



CONCLUSIONS 



M.H \\Utt\ I:.. 

.V*J V^«-«liWMV flk'* U-iL. to* Y*1 
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interpretation of TnitoWon Metal Sorption Behavior IW3 

The metal selectivity licnd remains independent of the meihod and CMtem uf 
adfOTbeni oxidation, type ofadfrorbcpl precursor, noruu* structure, and typo of 
iwkortxro for all tho romurlal* tnveiitgaied. The Manor preference of adsor- 
bents toward* Or* i* a consequence of the foci thai Oils ion orten forms 
distorted, und hence mote «ublc octahedral complexes due to the usymmcinc 
electronic structure. Tho generalization of nxml Aorptive behavior using ihe 
Irving-Williams opproocn lewis W a wovcl way io understand metal sorption 
by active carbons und other atlsorbeim. 
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